Abstract Cell-free mitochondiral DNA (mtDNA) is an immunogenic molecule associated with many inflammatory conditions. We evaluated the relationship between cell-free mtDNA in cerebrospinal fluid (CSF) and neurocognitive performance and inflammation during HIV infection. In a cross-sectional analysis, we evaluated the association of mtDNA levels with clinical assessments, inflammatory markers, and neurocognitive performance in 28 HIV-infected individuals. In CSF, we measured mtDNA levels by droplet digital PCR, and soluble CD14 and CD163, neurofilament light, and neopterin by ELISA. In blood and CSF, we measured soluble IP-10, MCP-1, TNF-α, and IL-6 by ELISA, and intracellular expression of IL-2, IFN-γ, and TNF-α in CD4 + and CD8 + T cells by flow cytometry. We also evaluated the relationship between CSF pleocytosis and mtDNA longitudinally in another set of five individuals participating in an antiretroviral treatment (ART) interruption study. Cell-free CSF mtDNA levels strongly correlated with neurocognitive performance among individuals with neurocognitive impairment (NCI) (r=0.77, p=0.001). CSF mtDNA also correlated with levels of IP-10 in CSF (r=0.70, p=0.007) and MCP-1 in blood plasma (r=0.66, p=0.01) in individuals with NCI. There were no significant associations between inflammatory markers and mtDNA in subjects without NCI, and levels of mtDNA did not differ between subjects with and without NCI. MtDNA levels preceded pleocytosis and HIV RNA following ART interruption. Cell-free mtDNA in CSF was strongly associated with the severity of neurocognitive dysfunction and inflammation only in individuals with NCI. Our findings suggest that within a subset of subjects cell-free CSF mtDNA is associated with inflammation and degree of NCI.
Introduction
Mitochondria are near-ubiquitous organelles in human cells (only absent from mature red blood cells) responsible for energy generation, and they are believed to be derived from endosymbiotic bacteria in eukaryotes (Anderson 1981) . Eukaryotic cells carry a dynamic network of mitochondria that varies in relation to the energy needs of a cell. This network is made up of hundreds or thousands of mitochondria, each of which carry multiple copies of its own circular mitochondrial DNA (mtDNA) chromosome. Accumulated somatic mutations in mtDNA and changes in mitochondrial fission and fusion dynamics, both of which occur during aging, may play a role in this loss of mitochondrial performance (Biskup and Moore 2006; Chaturvedi and Flint Beal 2013; Itoh et al. 2013) . Damaged mitochondria are cleared through mitophagy, Meetings Some of these data were presented at the Conference of Retroviruses and Opportunistic Infections in Boston, MA, from March 3 to 6, 2014, and in Seattle, WA, from February 23 to 26, 2015.
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during which proteases and endonucleases break down mtDNA and mitochondrial proteins. Unlike nuclear DNA, the covalently closed circular mtDNA is more resistant to degradation by nucleases, and also contains CpG motifs, a Toll-like receptor-9 (TLR-9) ligand (Zhang et al. 2010) . Thus, if undigested and released, mtDNA could induce innate immune activation (Zhang et al. 2010) .
Cell-free mtDNA is a biomarker that is currently being explored across several disciplines. Recent work in humans and mouse models has demonstrated the importance of cell-free mtDNA in the inflammatory cascade in heart failure and in critically ill patients in the intensive care unit (Konstantinidis and Kitsis 2012; Nakahira et al. 2013; Oka et al. 2012) . Free mtDNA has also been detected in the cerebrospinal fluid (CSF) of humans (Kingwell 2013; Podlesniy et al. 2013; Walko et al. 2014; Wang et al. 2013) , and levels of cell-free mtDNA in the CSF have been associated with neurologic disease (Podlesniy et al. 2013) . Although the source of the cell-free mtDNA found in the CSF remains unclear, cell-free mtDNA levels in CSF were reduced in subjects with Alzheimer's dementia (Podlesniy et al. 2013) , consistent with lower neuronal mtDNA copy numbers, while higher CSF mtDNA levels were associated with a worse prognosis in traumatic brain injury and cases of subarachnoid hemorrhage (Walko et al. 2014; Wang et al. 2013) .
Neurocognitive dysfunction remains a common complication of HIV disease despite antiretroviral therapy (ART), with estimates of 18-80 % of individuals demonstrating some evidence of dysfunction on formal testing (Spudich 2014) with imaging (Cardenas et al. 2009 ) and biomarkers (Jessen Krut et al. 2014) . Viral replication or persistence is a possible cause of this neurodegenerative process, possibly through the induction of chronic immune activation in the central nervous system (CNS) (Spudich 2014 (Burdo et al. 2013; Lyons et al. 2011) and monocyte activation (neopterin) (Brew et al. 1990; Clifford and Ances 2013; Eden et al. 2014; Fuchs et al. 1989 ) are associated with neurocognitive impairment (NCI). Given the potential role of cell-free mtDNA as a biomarker of innate immune activation and neuronal injury, we explored the relationship between cell-free mtDNA in CSF and inflammation and neurocognitive performance in HIV-infected adults.
Methods

Study cohorts
Neurocognitive cohort
Participants were HIV-infected adults enrolled in the University of California San Diego HIV Neurobehavioral Research Program (HNRP) (n=28), of which approximately half (54 %) were on ART. Participants were predominantly male, reflecting the HIV-infected population of San Diego. All participants underwent neurocognitive, neuromedical, and psychiatric evaluations performed by HNRP certified staff, as previously described (Cysique et al. 2011; Heaton et al. 2008) . The global deficit score (GDS) was used as a measurement of neurocognitive performance, with NCI defined as GDS≥0.5. The standard GDS cutoff of ≥0.5 is a previously validated and established definition of impairment for HIVrelated brain injury (Antinori et al. 2007; Blackstone et al. 2012) . CSF (supernatant and pellet), blood, lymphocyte profiles, and demographic and disease characteristics were collected. HIV RNA levels in blood plasma and CSF were measured by Roche Amplicor (version 1.5), with lower limit of quantification of 50 HIV RNA copies/mL.
Interruption cohort
We also evaluated a second set of five HIV-infected individuals, who interrupted ART under the guidance of primary care physicians. Re-initiation of ART was at the discretion of participants and their corresponding medical providers. Biological specimens and clinical data were collected for each subject before, during, and after ART interruption (total specimens n=41). For one participant, there were no specimens available before the interruption of ART. These cases were examined under the rationale that if free mtDNA increased before the onset of pleocytosis, then the pleocytosis might represent a response to elevated mtDNA. However, if the pleocytosis occurred before increases in mtDNA, then the breakdown of these cells might be the source of the mtDNA. This study was approved by the local Institutional Review Board, and all participants provided written informed consent.
DNA extraction, quantification of mtDNA, and genomic DNA After collection through lumbar puncture, CSF was centrifuged at 250 g and then the supernatant was stored at −80°C. Total DNA was extracted from CSF supernatant samples using QIAamp DNA Mini Kit (Qiagen, CA) per manufacturer's protocol. We quantified levels of mtDNA by targeting the NADH dehydrogenase 2 gene (MT-ND2, Applied Biosystems, CA) found on the mitochondrial chromosome and genomic DNA (gDNA) by targeting the Ribonuclease P protein subunit p30 gene (RPP30, Applied Biosystems, CA) by droplet digital PCR (ddPCR, Bio-Rad, CA). First, we digested the extracted DNA using the BamHI HF (New England Biolabs, Ipswich, MA) enzyme and 15 μL of extracted DNA per manufacturer's protocol. Quantification was carried out in triplicate for a 20 μL reaction, which consisted of 10 μL of 2× Bio-Rad supermix for probes, 1 μL of either 20× Primer/FAM ND2 mix or 20× Primer/VIC RPP30 mix, 4 μL of molecular grade water, and 5 μL of digested DNA. Each 20 μl reaction was loaded into an 8-channel cartridge, and we used 70 μL of oil (Bio-Rad) for droplet generation. The generated droplets were placed and heat-sealed in a 96-well PCR plate for cycling with the following conditions: (1) an initial activation of 95°C for 10 min, (2) 55 cycles of 94°C for 30 s and 60°C for 1 min, (3) enzyme inactivation at 98°C for 10 min, and 4°C hold. After amplification, the PCR plate was read and analyzed using the BioRad droplet reader and the QuantaSoft (Bio-Rad, CA) analysis software, respectively (Hindson et al. 2011) . Levels of mtDNA were expressed in log 10 copies/mL of CSF.
Soluble and inflammatory markers
We measured levels of sCD14 and sCD163 in CSF using Quantikine ELISA Human sCD14 and sCD163 (R&D Systems, Minneapolis, MN) following manufacturer's protocols. Levels of neurofilament light (NFL) and neopterin in CSF were also measured by ELISA using the NF-Light, (Uman Diagnostics, Umea, Sweden) and BRAHMS (GmbH, Hennigsdorf, Germany) kits, respectively. Additionally, we measured levels of inflammatory cytokines For the interruption cohort, we measured markers of inflammation and cellular trafficking (IP-10, MCP-1, IL-6, IL-2, IL-8 TNF-α, MIP-1α) in CSF by Meso Scale Discovery platform.
Intracellular cytokine assay
Peripheral blood mononuclear cells (PBMCs) were collected in Cell Preparation Tubes (BD Biosciences), washed in phosphate-buffered saline, and resuspended in culture media (X VIVO 15 media with 5 % human serum [Lonza, Germany] ). CSF cells were collected from 25-40 cc CSF, spun down, resuspended in culture media, and counted in trypan blue to determine viability. Intracellular cytokine staining without antigen stimulation in PBMCs and CSF cells was performed as directed for BD FastImmune kits (BD Biosciences, San Jose, CA) in Lamoreaux et al. (2006) . Briefly, PBMCs were plated at 100,000 cells/well and CSF cells at 5000-20,000 cells/well in V-bottom 96-well plates. After 2 h of culture, brefelden A and Golgi Stop (both from BD Biosciences, San Jose, CA) were added to the plates and cells were incubated overnight (18 h) at 37°C and 5 % CO 2 . Cells were then washed using PBS with 1 % BSA and 0.1 % NaN 3 , fixed using BD Perm 2 (BD Biosciences, San Jose, CA), and stained using CD4-PerCP-Cy5.5 and CD8-APC antibodies in combination with either TNF-α-PE and CD107a-FITC or IL-2-FITC and interferon-γ (IFN-γ)-PE. Isotype controls were included to detect background fluorescence. All antibodies were from BD Biosciences. Samples were acquired on a FACS Calibur II (BD Biosciences, San Jose, CA) within 24 h. Data were analyzed using Flow-Jo software (Tree Star) version 9. Gates for cytokine expression were set on PBMC files and then applied to CSF file data.
Statistical analyses
All statistical analyses were performed using R statistical software (Team 2013). Variables were either log-or square roottransformed to approximate a normal distribution assessed by a Shapiro test with a significance of p < 0.05. A MannWhitney or t test was used to assess statistical difference between study groups. We evaluated the association of mtDNA with clinical, immunological, and sociodemographical variables using fixed effects linear models. Additionally, longitudinal associations of mtDNA with other variables were assessed using mixed-effects regression analysis to adjust for repeated measurements. We reported the Akaike information criterion (AIC) as our measurement of model selection. Association of categorical variables was assessed using a Fisher exact test. Given the small sample size, we reported the Cohen's d as a measure of effect size in addition to the p value for our t test statistics.
Results
Study population
Neurocognitive assessments were performed on all 28 subjects and 14 had NCI. The median age of the participants was 46.5 years and 97 % were male. A summary of the demographic and disease characteristics of the subjects is provided in Table 1 (A). Table 1(B) describes the clinical and demographic characteristics of the additional five subjects who underwent treatment interruption and were analyzed in a longitudinal fashion.
mtDNA, neuropsychological performance, and markers of inflammation
There was no difference in the level of CSF cell-free mtDNA between subjects with NCI and those without NCI (Fig. 1a , p= 0.57). However, higher levels of mtDNA were associated with a higher GDS only in individuals with NCI (Fig. 1b, r=0 .77, p= 0.001). These positive associations remained significant when accounting for the effects blood plasma and CSF HIV RNA levels, CD4 + T cell counts, protein level in CSF, and age. Furthermore, cell-free mtDNAwas more strongly correlated with NCI severity than CSF HIV RNA levels, CD4 + T cell counts, CD8 + T cell counts, or nadir CD4 + T cell counts (Table 2 ). In particular, among the seven domains tested by the neurocognitive battery, higher cell-free mtDNA levels correlated with worse learning (r=0.62, p=0.02) and motor (r=0.57, p=0.03) functioning with a trend toward worse speed of information processing (r=0.47, p=0.08, Supplementary Table 1) . Furthermore, since we noticed that individuals with a borderline GDS (GDS >0.4) seemed to group along the regression line with the NCI group, we included them in a sub-analysis and found that the individuals with borderline NCI also demonstrated a correlation between NCI and mtDNA levels (r=0.75, p=0.0008).
To determine if the cell-free mtDNA within the CSF was coming from the death or degeneration of CNS cells, we quantified the cell-free levels of the genomic target RPP30 within CSF supernatants as a marker of general cell death. We also evaluated the presence of NFL in the CSF as a specific indicator of neuronal damage. There were no significant differences in the levels of RPP30 or NFL between the groups with and without NCI ( Supplementary Fig. 1, p=0 .79 and p=0.90, respectively), and there were no significant associations between mtDNA levels with RPP30 and NFL in either group of individuals with or without NCI (data not shown). This suggested that the major source of mtDNA in the CSF may not be death of neurons or other cell types present in the CSF. We also evaluated if cell-free mtDNA correlated with markers of inflammation (sCD14, sCD163, neopterin, IP-10, MCP-1, TNF-α, and IL-6) and found no such correlations (data not shown). Similarly, we found no statistical difference in any of the soluble inflammatory biomarkers between those with or without NCI (only CSF sCD163 levels trended toward being higher in the NCI group, Cohen's d=0.69, p=0.08). Individuals with NCI did have a Given that cell-free mtDNA levels in CSF showed a correlation with degree of impairment in the NCI group, we investigated subjects with and without NCI separately. We found no associations between mtDNA and any soluble or cellular inflammatory measures in those without NCI. In the group with NCI, there were significant associations between mtDNA and the inflammatory markers IP-10 in CSF (Fig. 2a, r=0 .7, p= 0.007) and MCP-1 in blood plasma (Fig. 2b, r=0 .66, p=0.01). Compared to all of the measured soluble biomarkers of inflammation, mtDNA levels had the strongest correlation with the severity of NCI (Supplementary Table 2 ). Further, higher levels of mtDNA were associated with a higher percentage of CD8 + T cells producing IFN-γ (Fig. 2c, r=0 .8, p=0.01) and IL-2 (Fig. 2d, r=0 .69, p=0.04) in the CSF. There was also a significant association between higher levels of CSF cell-free mtDNA and higher lymphocyte counts in the CSF (Fig. 2e,  r=0 .9, p=0.03).
mtDNA, HIV RNA, CD4
+ T cell count, and markers of inflammation Active HIV RNA replication can initiate inflammatory responses and therefore may lead to the release of mtDNA into the CSF via death of inflammatory cells. To evaluate whether the presence of HIV replication was associated with CSF cellfree mtDNA levels, we compared the levels of cell-free mtDNA between the 16 subjects with a detectable (>50 Associations were tested with all participants and also by groups defined by neuropsychological performance (NCI vs normal). MtDNA correlated strongly with the severity of NCI. There were no association between GDS and CSF VL or lymphocyte profiles copies/mL) CSF HIV RNA and the 12 subjects with an undetectable (<50 copies/mL) HIV RNA. We found no statistical difference ( Supplementary Fig. 2a , p=0.98); however, when we evaluated mtDNA in relationship with the other clinical and immunological measurements in individuals with a detectable CSF HIV RNA, higher levels of mtDNA were associated with higher levels of IP-10 in CSF (r=0.70, p=0.002), MCP-1 in blood plasma (r=0.53, p=0.04) and the levels of RPP30 in CSF (r =0.83, p =7.1×10 −5 ) ( Supplementary Fig. 2b-d) . Similar findings were seen in individuals with detectable blood plasma HIV RNA (data not shown). No significant associations were present in subjects who had undetectable CSF HIV RNA or plasma HIV RNA. Stratifying individuals by CD4 + T cell count, we found that participants with CD4 + T cell counts ≥350 cells/μl had significantly higher levels of CSF cell-free mtDNA ( Supplementary  Fig. 3a) than individuals with CD4 + T cell counts <350 cells/ μl (p=0.02). We also found that when we segregated individuals by CD4 counts, we found that higher levels of CSF cellfree mtDNAwere associated with higher CSF HIV RNA levels (r=0.78, p=0.007) and higher CSF IP-10 levels, (r=0.68, p= 0.03) and showed a trend for higher levels of neopterin in CSF (r=0.57, p=0.08) ( Supplementary Fig. 3b-d ) only in individuals with CD4 + T cell counts <350 cells/μl. No significant associations were among individuals with CD4 ≥350 cells/μl.
mtDNA, HIV RNA, and pleocytosis
Since we observed associations between mtDNA and CSF lymphocyte counts, we analyzed the temporal association between these two measures in order to determine whether mtDNA appeared to precede or follow CSF pleocytosis. To do this, we utilized CSF samples from a treatment interruption study to determine if the CSF cell-free mtDNA preceded or followed the development of CSF pleocytosis and viral rebound. We performed an investigation of the dynamics of mtDNA, pleocytosis, and HIV RNA levels in the CSF of five individuals, who underwent a structured ART interruption. In all cases, mtDNA levels appeared to increase prior to development of pleocytosis as well as before HIV RNA levels in both CSF and blood plasma (Fig. 3a-e) . Furthermore, we also investigated the dynamics of mtDNA and several inflammation markers in CSF after ART interruption. In all cases, levels of mtDNA and inflammatory markers also rose after ART interruption. Using mixed-effects regression analyses in a univariate analysis, mtDNA was proportionally associated with HIV RNA levels in CSF (p=0.05) and plasma (p=0.03), IP-10 (0.02), IL-2 (p=0.01), MIP-1α (0.04), TNF-α, (0.04) sCD14 (0.04), and pleocytosis (0.03). In a multivariate mixed-effect analysis, pleocytosis could be predicted better using levels of mtDNA and HIV RNA levels in CSF than HIV RNA levels in blood plasma (AIC 371.6 vs. 391, Supplementary Table 3) .
Discussion
This study found that cell-free mtDNA in the CSF is strongly correlated with the severity of NCI among impaired HIVinfected individuals and that CSF mtDNA levels were more strongly correlated with the severity of NCI than other factors previously associated with HIVassociated neurocognitive disease (e.g., CD4 nadir, CD4 + T cell count, or CSF HIV RNA) (Clifford and Ances 2013) . Although the associations between mtDNA and both worse impairment and inflammation were only seen within the 14 individuals with NCI, they were independent of CD4 + T cell count and CSF HIV RNA in these subjects. Furthermore, the association between mtDNA and NCI did not seem to be due to neuronal damage, since levels of NFL, a marker of axonal damage, and RPP30, a housekeeping gene, were not associated with mtDNA. If neuronal damage differed between groups, we would have expected the levels of NFL to be higher and the ratio of RPP30 to mtDNA lower in the NCI group, since neurons have more mtDNA than any other cell type.
Markers of inflammation, such as neopterin in CSF and MCP-1 in blood, have also been associated with NCI during HIV infection (Burdo et al. 2013; Clifford and Ances 2013; Kamat et al. 2012; Lyons et al. 2011) . For the first time, here, we demonstrated a strong association between CSF cell-free mtDNA and both soluble and cellular biomarkers of inflammation in CSF and blood of HIV-infected individuals with NCI. This is interesting since mtDNA is an immunogenic molecule containing unmethylated CpG motifs, which are ligands for TLR-9 (Zhang et al. 2010) . Given that mtDNA is a pro-inflammatory molecule, we hypothesize that individuals with NCI may have inflammatory responses that differ from individuals without NCI, and thus also respond differently to the presence of mtDNA.
The source of the cell-free mtDNA in the CSF remains unclear, but possibilities include inflammatory cells, neurons, or glia. We evaluated the possibility that the cell-free mtDNA in CSF was due to release of mtDNA from dying inflammatory cells, but found that mtDNA levels rose prior to the onset of pleocytosis and rise in inflammatory markers in subjects undergoing treatment interruption, suggesting that a rise in mtDNA may predict an increase in inflammation. The lack of association between NFL and mtDNA in the CSF also suggested that the source of the mtDNA may not be axonal injury. However, we do not discard the possibility that inflammatory cells not present in the CSF, i.e., attached to the Levels of mtDNA in CSF (log 10 copies/mL) c d e meninges, could also be the source of the mtDNA observed. In addition to cell death, other proposed mechanisms by which mtDNA could be released include dysregulated autophagy (Oka et al. 2012 ) and incomplete transmitophagy (Davis et al. 2014) . The process of transmitophagy was recently described by Davis et al. (2014) , where mitochondria were released from neurons and degraded by adjacent astrocytes, suggesting that degradation of mitochondria may not always take place within the cell of origin and that mitochondrial products, like mtDNA, could be released extracellularly as part of a transcellular process. Such a mechanism could lead to increased levels of mtDNA and pro-inflammatory mitochondrial proteins released into the CSF. Currently, investigators interested in HIV cure research in studying the effects of interventions on time to viral rebound in individuals undergoing a structured treatment interruption (Hurst et al. 2015; Li et al. 2015) . To enhance the safety of such studies, biomarkers predicting viral rebound prior could be used to reinitiate ART prior to detectable viral replication while still allowing researchers to obtain the information necessary for the study. Here, we demonstrate that levels of mtDNA rose prior to both CSF and plasma HIV viral rebound, making mtDNA a potential candidate biomarker for predicting viral rebound following ART interruption.
As any evaluation of an observational cohort, this study has several limitations. First, our cohort was relatively small and diverse with regard to disease stage, ART use, and other factors. This limits the power to detect differences and to adjust for influential covariates. Despite this, several of our hypotheses were supported by results with medium to large effect sizes. Second, as a cross-sectional study, we cannot determine whether mtDNA levels can predict NCI. Third, it is statistically difficult to interpret correlations with GDS in the individuals without NCI since the score has a limited dynamic range In all cases, when ART is interrupted, mtDNA levels rise before the CSF white blood cell (WBC) count; therefore, levels of mtDNA precede pleocytosis (a-e). Also, levels of mtDNA rose before CSF and plasma HIV RNA levels (viral load (VL)) (a-e). Furthermore, levels of mtDNA also rose before inflammation markers in all cases (f-j). *Represent cytokines that we square root transformed for visual purposes with a cutoff using population norms among individuals without NCI; therefore, a lack of correlation here may not be correct. In other words, there could be an association between mtDNA levels and NCI but the effect is most pronounced among those people who have frank and observable NCI. Further variations in GDS between individuals make it more difficult to interpret borderline scores. This is highlighted in our subanalysis of subjects with borderline GDS scores, i.e., not meeting the >0.5 cutoff for NCI, where we found a correlation between mtDNA level and GDS, like that found among those with frank NCI. Fourth, we do not have a HIV negative group, therefore it is difficult to understand completely the dynamics of mtDNA in relation to HIV infection. Lastly, our larger analyses of neurocognitive functioning cannot determine causality because of their cross-sectional design, and our longitudinal analyses were small and descriptive and may be prone to sampling bias.
In conclusion, cell-free mtDNA in the CSF of HIV-infected subjects correlates with the severity of NCI and the degree of inflammation in subjects with NCI. While mtDNA levels did not differ between impaired and unimpaired subjects, this biomarker may have prognostic value in determining response to therapeutic interventions among impaired individuals, but such uses would need to be evaluated in separate studies. Further, the source and mechanisms of release of mtDNA in the CSF during HIV infection remain important unanswered questions, and future studies to address these questions could provide crucial insight into the causal mechanisms underlying NCI in HIV-infected individuals.
